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=."!!!'(#)*+,-#'*(!+N8=4=) 54:) G?8?4=4=) 58=) E8?>?>NE;G59) +/2) T?9=G69=<V) $D=N) 58=) ?I>=4) G?4<;:=8=:) 5<)5<>8?EDN<;G59) T?:=9<) I?8) <>6:N;47) >D=;8) I?8T5>;?4) T=GD54;<T<O) 8=5G>;?4<) H;>D)5<>8?EDN<;G599N)8=9=F54>)T?9=G69=<)54:)5>?T<O)?8)>D=;8)E?<<;Y9=)8?9=)5<)>D=)<N4>D=<;<)?I)2P);4) >D=) (*.V) %=G=4>9NO) >D=;8) E8?>?45>=:) G?64>=8E58><) p20+/2f<q) Y=G5T=) >D=) >?E;G) ?I)[654>6T0GD=T;G59) 5<) H=99) 5<) =XE=8;T=4>59) ;4>=8=<>) Y=G56<=) ?I) >D=;8) 8?9=) 5<) E?<<;Y9=)G588;=8<)?I)64;:=4>;I;=:) ;4I858=:)=T;<<;?4)Y54:<)pK(%<q)nRo)54:):;II6<=) ;4>=8<>=9958)Y54:<)p1(3<q)nP0SoV)+8?>?45>=:)G?8?4=4=);<)>D=)9587=<>)T?9=G69=)<?)I58)<>6:;=:);4)>D=)(%)8=7;?4);4)75<) ED5<=V) (><) (%) T69>;ED?>?4) :;<<?G;5>;?4) <E=G>86T) 8=<=TY9=<) >?) <?T=) =X>=4>)5<>8?4?T;G59)K(%)I=5>68=<)ncoV)!9=G>8?4;G)>854<;>;?4<)?I)E8?>?45>=:)EN8=4=)54:)G?8?4=4=O)G59G695>=:)8=G=4>9N)H;>D)$1)1-$O) <D?69:) 7;F=) 8;<=) >?) <>8?47) 5Y<?8E>;?4) I=5>68=<) ;4) >D=)1(3) 8=7;?4) nSoV) !9=G>8?4;G)>854<;>;?4<)?I)5)46TY=8)?I)E8?>?45>=:)+/2<)D5F=)Y==4)<>6:;=:);4)<>8?47)5G;:;G)<?96>;?4<O)D?H=F=8O) >D=N) 58=) <>8?479N) E=8>68Y=:) YN) >D=) 9;[6;:) =4F;8?4T=4>V) /T?47) >D=T) ;<) 59<?)E8?>?45>=:) EN8=4=) p20+NfqO) I?8) HD;GD) >H?) Y8?5:) =9=G>8?4;G) 5Y<?8E>;?4) Y54:<) H=8=)?Y<=8F=:) 5>) 58?64:) Sdc) 54:) b`Q)4T) ne0`oV) '?) =9=G>8?4;G) <E=G>85) ?I) 20#?8f) D5F=) Y==4)I?64:);4)>D=)9;>=85>68=V))(4) >D;<) GD5E>=8O) =9=G>8?4;G) 5Y<?8E>;?4) 54:) I96?8=<G=4G=) <E=G>85) ?I) E8?>?>NE;G59)20+/2)<E=G;=<O)45T=9N)20+Nf)54:)20#?8fO)54:)>D=;8)4=6>859)85:;G59)G?64>=8E58><O)20+N)54:)20#?8O);<?95>=:);4)e)M)4=?4)T5>8;G=<)58=)E8=<=4>=:V)$D=)=XE=8;T=4>59)<=>06E)6<=:)D5<)Y==4):=<G8;Y=:V)20+Nf)54:)20#?8f)H=8=)E8?:6G=:);4)5)D?>)G5>D?:=):;<GD587=)<?68G=);4)5)E8?>?4)>854<I=8) 8=5G>;?4) p+$q) Y=>H==4) E8?>?45>=:) =>D54?9) p!>D&2Pfq) 54:) 54) 5EE8?E8;5>=)58?T5>;G) DN:8?G58Y?4V) +N8=4=) 54:) G?8?4=4=) <5TE9=<) H=8=) 8=<;<>;F=9N) D=5>=:) >?) 7=>) 54)5EE8?E8;5>=) F5E?68) E8=<<68=V) $D=) ;?4) G688=4>) 5GD;=F=:) I?8) 20+/2f<) H5<) ;4) >D=) 8547=)c%PQ)4/O)54:)8=<69>=:) ;4)5) >?>59)5GG6T695>=:)GD587=)?I)ÑSP)ã#)I?8)20+Nf)54:)ÑeQ)ã#)I?8)20#?8fV)))
=.0!!!8)*#*(1#%+!86)%(%!!





"#$%&'!/)*+! 1TLPJMOEPH! LMCNOJK! JCNPJFCF! KIOCJ! FCMPLEOEPH! PI! -"=$""
]! a!i",j!0V/b! NKOEPHL! EHOP! K! HCPH!
DKOJEd!aTRUCb!KHF!KIOCJ!MBPOPTRCKNBEHQ!WEOB!,<!MBPOPHL!aJCFb.!gCKY!TKHFL!PI!HCUOJKR!MSJCHC!KHF!EOL!
JKFENKR! NKOEPH! KJC! EHFENKOCF! WEOB! KJJPWL! KHF! KLOCJELYLe! JCLMCNOEXCRS.! #BC! TRKNYe! TPOOPD! OJKNC! LBPWL!
WCKY! KTLPJMOEPH! PI! MJPOPHKOCF! MSJCHCe! PTOKEHCF! KIOCJ! LNKREHQ! OBC! JCF! OJKNC! OP! OBC! EHOCHLEOS! PI! OBC!
KTLPJMOEPH!KO!/[@!HD!KHF!LUTOJKNOEHQ!EO!IJPD!OBC!TRUC!PHC. 
 /I>=8);885:;5>;?4)?I)>D=)T5>8;X)H;>D)5)T=:;6T0E8=<<68=)27)95TEO)>D=)S`d)4T)<N<>=T):=G8=5<=<)54:)>D=)?>D=8)5>)b`a)4T)75;4<);4>=4<;>N)p-;768=)eVRO)8=:)9;4=qV)$D=)C4?H4)Y54:<)?I)+Nf)Y=D5F=) ;4) >D=)<5T=)T544=8\>D=N):=G8=5<=) ;4) ;4>=4<;>N)5I>=8) ;885:;5>;?4)54:)7;F=)8;<=)>?)>D=)5Y<?8E>;?4<)?I)+NV)'?)4=H)Y54:<)5EE=58);4)>D=)<E=G>86TV)KE?4);885:;5>;?4O)>D=)>85EE=:) G5>;?4<) 58=) 4=6>859;@=:) YN) =9=G>8?4<O) HD;GD) 58=) 8=9=5<=:) I8?T) 54) =9=G>8?4)<G5F=47=8) E8=<=4>) ;4) >D=) T5>8;XV) $D=<=) 58=) #9w) 54;?4<O) I?8T=:) HD=4) #2b#9) T?9=G69=<)G5E>68=) =9=G>8?4<) 8=9=5<=:) :68;47) :=E?<;>;?4) nRRoV) $D6<O) >D=) S`d)4T) <N<>=T) ;<) :6=) >?)20+Nf)54:)>D=)?4=)5>)b`a)4T)Y=9?47<)>?)>D=)G?88=<E?4:;47)4=6>859)20+N)85:;G59V)$D=)>H?)<N<>=T<) 58=) GD585G>=8;@=:) YN) <>8?47O) <D58E) ?8;7;4) Y54:<) I?99?H=:) YN) <;T;958O) G?TE9=X)F;Y85>;?459) <>86G>68=<) <D?H;47) =XG;>5>;?4<) ;4) >D=) <5T=) F;Y85>;?459) I64:5T=4>59<V) -?8);4<>54G=O) >D=)cdQmcaR)54:)dSdmdeP)GTwR)T?:=<)58=)5G>;F=) ;4) >D=)=XG;>=:)<>5>=<)?I)20+Nf)54:);><)4=6>859O)8=<E=G>;F=9NV)A5F=9=47>D<)?I)>D=)T5X;T5)?I)>D=)?Y<=8F=:)Y54:<)58=)7;F=4);4)$5Y9=)eVRV)
) a`)
)






! ! ! !
*47<E6! ! ! !
7[3.>!!a"b! ()13!;!I;7M! 0V!>"/! V!
! 
000! a"b"1(!A,"1(!
73[.V! ! 0V!@"@! 7V=! 7V=! !
737./! ! 0"!V[/! >3V! >3V! !
730.>! ! 0"!"=>! =>0! =>0! !
73V.7! ! 0"!0=V! 373! 373! !
7==.=! ! 0"!7/0! @"@! @"@! !
7=>.=! ! 0"!73[! @=>! >3V]7V=!
7=/.=! ! 0"!>=[! "V>>! "V>>!
7=0."! ! 0"!=/@! ""0=! 0*>3V!
7>@.>! ! 0"!3="! "07[! >3V]=>0!
7>[./! ! 0"!["@! "/V=! >3V]373!
7>=."! ! 0"!@0>! "7"0! !
7>>.V! ! 0"!@3@! "7==! !
7>/.@! ,)3,!i!I;99! 00!V/0! ">"@! ! a0b"1(!A,"1(!
7>"./! ! 00!">3! "=77! /*>3V!
773.[! ! 00!///! "[0V! !
77>.V! ! 00!73V! "@>3! !
7/@.@! ! 00!3/>! 0000! !
7/3.3! ! 00![7[! 0//>! !
70[./! ! 0/!/73! 0[/7! !
707.7! ! 0/!>=V! /V73! !
! ! ! ! !




! ! ! ! !




037.3! ! /=!7V=! >@7! >@7!
! ! ! ! !
*47<E! ! ! !




/[V./! ! 0=!0@/! >@"! >@"!
/33.@! ! 0=!7=7! 3=0! 3=0!
/3>.0! ! 0=!=>/! @>"! @>"!
/30."! ! 0=![3"! ""=@! 0*>@"!PJ!""=@!
/=[.7! ! 03!"73! "77>! "77>!
/==.0! ! 03!/"V! "=V[! @>"]>@"!PJ!"=V[!
/=7.>! ! 03!7/>! "3//! @>"]3=0!
     
-b! j!"i?(C.! b) Vibrational assignment is based on the a( modes in the electronic ground state of 1H-Py+ and 
corresponding neutral obtained with DFT/BLYP/cc-pVDZ: 445, 578, 667, 779, 925 and 1071 cm!1 for 1H-Py+; 574, 
775, 968, 1181, 1452 and 1615 cm!1 for 1H-Py. 
) aa)




 $D=) 8=95>;F=) =4=87;=<) ?Y>5;4=:)H;>D) >D=) >H?)T=>D?:<) 58=) <;T;958) p$5Y9=)eVPqV) $D=)9?H=<>) =4=87N) ;<?T=8) ;<) R20+Nf) p/,) <NTT=>8NO) R/() 78?64:) <>5>=qV) $D=) ?>D=8) >H?O) S20+Nf)54:) P20+NfO) 58=) E8=:;G>=:) >?) Y=) Sc) 54:) ed)CW)T?9jR) D;7D=8) ;4) =4=87N) 5GG?8:;47) >?) >D=)G59G695>;?4<) 5>) >D=) .+P) 9=F=9V) $D6<O) >D=) =XG=<<) =4=87N) ?I) ÑRPQ)CW)T?9jRO) HD;GD) ;<) >D=):;II=8=4G=)?I)>D=)+/<)?I)>D=)>H?)8=5G>54><);4)>D=)8=5G>;?4)?I)+N)H;>D)!>&2PffO);<)<6II;G;=4>)>?)7;F=)8;<=)>?)54N)?I)>D=<=);<?T=8<V)^=8>;G59) =XG;>5>;?4) =4=87;=<) D5F=) Y==4) :=>=8T;4=:) I?8) 599) >D8==) ;<?T=8<) H;>D)##PmGG0E^1z)54:)$1)1-$m3",+m$z^+r)>D=)8=<69><)58=)G?TE58=:);4)$5Y9=)eVPV)$D=)$1)1-$)T=>D?:)7;F=<)>D=)=9=G>8?4;G)>854<;>;?4<)?I)>D=)20+Nf);<?T=8<)ÑQVb)=^)D;7D=8);4)=4=87N)>D54)##PV) *T599) :;II=8=4G=<) ;4) >D=) ?<G;995>?8) <>8=47>D<) 58=) <==4O) Y6>) >D=) 7=4=859) E5>>=84) ;<)<;T;958V)
) RQQ)
))
$%&'(!1*,!!XG;>=:)<>5>=)<NTT=>8;=<O)F=8>;G59)=XG;>5>;?4)=4=87;=<)54:)?<G;995>?8)<>8=47>D<)I?8) E8?>?45>=:) EN8=4=<) ?Y>5;4=:)H;>D) $1)1-$) 5>) >D=) 3",+m$z^+) 9=F=9) ?I) >D=?8N) 54:)H;>D) >D=).+Pm##P)T=>D?:) 54:) >D=) GG0E^1z) Y5<;<) <=>V) %=95>;F=) 78?64:0<>5>=) =4=87;=<)pCW)T?9jRq)H;>D)8=<E=G>)>?)>D=)T?<>)<>5Y9=);<?T=8)58=)7;F=4);4)E58=4>D=<=<V 
#+!+;#i9468i#:<8! ! 280i--0iNNGM<+:!
%dN.!LOKOC!! ! '#H!i!C<! ! /, ! %dN.!LOKOC!! ! '#H!i!C<! ! /,
! ! ! ! ! ! ! ! ! ! !
"$G8S]e!!,A,"1(e!6.!!!aVb! ! aVb! ! !
"1(! ! 0.="! ! V.V7! ! "1(! ! 0.[! ! V."[!
"1(! ! 0.33! ! V.0V! ! "1(! ! /.V/! ! V.0"!
"1(! ! /.0"! ! V.V[! ! "1(! ! /.>/! ! V."=!
"1(! ! /.3@! ! V.VV"! ! "1(! ! 7.7=! ! V.V0!
"1(! ! 7.7"! ! V.V"! ! "1(! ! >."0! ! V.V/!
"1(! ! 7.3"! ! V.V"! ! "1(! ! >."[! ! V.V0!
! ! ! ! ! ! ! ! ! ! !
7$G8S]e!,A,"1(e!6.!!!a7/./b! ! a77.[b!
"1(! ! ".7V! ! V.V0! ! "1(! ! ".[3! ! V.V>!
"1(! ! 0.07! ! V.V=! ! "1(! ! 0.>/! ! V.""!
"1(! ! 0.@3! ! V.VV>! ! "1(! ! /.=0! ! V.VV0!
"1(! ! /.>[! ! V.V"! ! "1(! ! 7.00! ! V.V"!
"1(! ! ! ! ! ! "1(! ! 7.77! ! V.V3!
! ! ! ! ! ! "1(! ! 7.="! ! V."@!
! ! ! ! ! ! ! ! ! ! !
0$G8S!]e!!A,"1"e!6I4!!!a>3.0b! ! a==.[b! !
"90! ! ".[! ! V.V7! !
"90! ! 0.V0! ! V.V3!
"1"! ! 0.["! ! V.VV7! !
"1"! ! /."@! ! V.V7!
"1"! ! 0.[0! ! V.VV"! !
"1"! ! /.7[! ! V.VVV"!
1B2  3.64  0.03  1B2  4.11  0.03 
"1"! ! /.@7! ! V.=/! !
"1"! ! 7.7V! ! V.@=!
"90! ! /.@=! ! V.VV=! !
"90! ! 7.=3! ! V.VV=!
"90! ! 7.07! ! V.V"! !
"90! ! 7.@[! ! V.V7!
"90! ! 7.0=! ! V.V0! !
"1"! ! >.7V! ! V./7!
"1"! ! 7.>=! ! V.V7! ! ! ! ! ! !
"1"! ! 7.[/! ! V."0! ! !
! ! ! !
! ! ! ! ! ! ! ! ! ! ! 
) RQR)
$D=) =9=G>8?4;G) =XG;>5>;?4) =4=87;=<) ?I) >D=) >D8==) 20+Nf) ;<?T=8<) :;II=8) <6Y<>54>;599NV)$D=) >D8==) <>8?47=<>) >854<;>;?4<) I?8) >D=)T?<>) <>5Y9=) ;<?T=8) R20+Nf) ?Y>5;4=:) YN) >D=) ##P)T=>D?:)58=)E8=:;G>=:) ;4) >D=)PV`jbVc)=^)8547=O) G9?<=) >?) >D=) >H?)<N<>=T<)?Y<=8F=:)5>)S`d)54:) bd`)4T) pPVcS) 54:) bVPd)=^) 8=<E=G>;F=9NqV) $D=) ?>D=8) >H?) ;<?T=8<) 58=) E8=:;G>=:) >?)5Y<?8Y)<>8?479N);4)>D=)K^r)I68>D=8T?8=O)>D=;8)I;8<>)599?H=:)>854<;>;?4<)58=)5>)58?64:)e`QjePQ)4T) pRV`jPVQ)=^qV) $D=<=) 58=)T6GD) 9?H=8) ;4) =4=87N) >D54) >D=) I;8<>) >854<;>;?4) 5<<;74=:)D=8=)>?)20+NfV)$D=8=I?8=)54:)Y=G56<=)>D;<);<)>D=)9?H=<>)=4=87N);<?T=8O);>);<)G?4G96:=:)>D5>)>D=)?Y<=8F=:)5Y<?8E>;?4)Y54:<)58=):6=)>?)R20+NfV)$D=)9?H=<>)=4=87N)>854<;>;?4)?I)R20+Nf);<)E8=:;G>=:)5>)Sdc)4T)pPVeR)=^q)YN)$1)1-$)54:) 5>) SSb)4T) pPV`Q)=^q) YN) >D=) ##P) T=>D?:V) $D6<O) >D=) S`d)4T) 5Y<?8E>;?4) <N<>=T) ;<)5>>8;Y6>=:)>?)>D=)pRqR/("`#R/()>854<;>;?4)?I)R20+NfV)$D=)##P)G59G695>;?4<)?F=8=<>;T5>=);><)=4=87N) YN) QVPc)=^) p$5Y9=)eVPqV) $5C;47) <6GD) 5) <D;I>) ;4>?) 5GG?64>O) >D=) ?Y<=8F=:) <N<>=T) 5>)bd`)4T) ;<) 5<<;74=:) >?) >D=) pbqR/("`#R/() >854<;>;?4) ?I) >D;<) ;<?T=8V) 3?>D) >D=) ##P) 54:) >D=)$1)1-$)T=>D?:<)E8=:;G>)54)5::;>;?459)5Y<?8E>;?4)<N<>=T)?I)R20+Nf)58?64:)SSQjScQ)4T)pÑPV`)=^q) :6=) >?) >D=) pPqR/("`#R/() >854<;>;?4V) /<) ;<) <==4) I8?T) -;768=)eVRO) >D=8=) ;<) 5)G?47=<>;?4)?I)F;Y85>;?459)Y54:<)?I)>D=)pRqR/("`#R/()<N<>=T);4)>D;<)8=7;?4V)(>) ;<):;II;G69>)>?)G?4G96:=) I8?T) >D=) E8=<=4>) =XE=8;T=4>59) :5>5) HD=>D=8) >D=8=) ;<) 54) 5::;>;?459) =9=G>8?4;G)5Y<?8E>;?4) Y54:) ;4) >D;<) 8547=V) $D=) D;7D=<>) =4=87N) =9=G>8?4;G) >854<;>;?4) ?Y<=8F=:) 5>)Pda)4T);<):6=)>?)>D=)pSqR/("`#R/()=XG;>5>;?4)?I)>D=)<5T=);<?T=8V)$=4>5>;F=)5<<;74T=4>)?I)>D=)F;Y85>;?459)Y54:<)?I)>D=)<N<>=T<);<)Y5<=:)?4)>D=)D58T?4;G)78?64:0<>5>=)I8=[6=4G;=<)?I)R20+Nf)G59G695>=:)H;>D)1-$m3",+mGG0E^1zO)>D5>)58=)7;F=4);4)$5Y9=)eVR)5<)I??>4?>=V)$D=)<>8?47)5Y<?8E>;?4)5>)b`a)4T) ;<)?I) >D=)4=6>859)R20+N)85:;G59V)/GG?8:;47) >?)##P)G59G695>;?4<O) R20+N) D5<) >D8==)H=5C) >854<;>;?4<) ;4) >D=) SRQjbcQ)4T) pbjbVc)=^q) 8547=) p599)H;>D)?<G;995>?8) <>8=47>D<) ZÑQVQQPq) I?99?H=:)YN) 5) <>8?47)?4=) 5>) 58?64:)bbQ)4T) pbV`c)=^q)H;>D) ZÑQVP`V) $D;<) ;<) 4?>) I58) I8?T) >D=) ?Y<=8F=:) Y54:) <N<>=TV)'?) ?>D=8) Y54:<) D5F=) Y==4):=>=G>=:) ;4)>D=)=XE=8;T=4>V)R20+N)D5<)Y==4):=>=G>=:)6<;47) 95<=80)54:)I95<D0ED?>?9N<;<)?I)+N) 54:) :;DN:8?0EN8=4=) ;4) 5T;4=<) <?96>;?4<) nReo) 54:) YN) ^K^) ED?>?9N<;<) ?I) +N) ;4) #&)T5>8;G=<) nRdoV)$D=)<E=G>85)8=E?8>=:)<D?H)>D8==)Y8?5:)Y54:<)<>58>;47)5>)58?64:)SQQ)4TV)/4)?<G;995>?8)<>8=47>D)?I)ÑQVQa)I?8)>D;<)>854<;>;?4)D5<)Y==4):=8;F=:)nRdor);>);<)5Y?6>)b)>;T=<)9?H=8)>D54)>D=)?4=)E8=:;G>=:)YN)>D=)E8=<=4>)G59G695>;?4<V)(>)H5<)E?<<;Y9=)>?)=<>;T5>=)>D=)Z)F596=)?I) >D=) <>8?47=<>)5Y<?8E>;?4)?I)R20+Nf)5>)S`d)4T)YN)5:?E>;47) >D=) 8=E?8>=:)?4=) I?8)>D=) R20+N) 85:;G59) nRdoV) $D;<) H5<) :?4=) YN) =F5965>;47) >D=) ;4>=785>=:) ;4>=4<;>N) GD547=) ?I)R20+Nf)54:);><)4=6>859)5Y<?8E>;?4<)>D5>)8=<69>=:)I8?T)K^);885:;5>;?4V)$D=)F596=)?Y>5;4=:);<)
) RQP)
QVRbO);I);>);<)5<<6T=:)>D5>)4?)?>D=8)E8?G=<<)=XG=E>)4=6>859;@5>;?4);<);4F?9F=:V)$D;<);<)G9?<=)>?)QVRd)E8=:;G>=:)YN)>D=)##P)T=>D?:V))




ELPDCJb! EH! K! HCPH!DKOJEd.! #BC! IRUPJCLNCHNC!WKL! PTLCJXCF! UMPH! RKLCJ! CdNEOKOEPH! KO! OBC!WKXCRCHQOBL!
EHFENKOCF!WEOB!KJJPWL. ! 
 /)H=5C=8) =T;<<;?4)H5<) ?Y<=8F=:) I?99?H;47) >D=) =XG;>5>;?4) ?I) >H?) ?>D=8) =9=G>8?4;G)>854<;>;?4<)?I)R20+NfU)*b)")*Q)5>)bd`Ve)4T)54:)*S)")*Q)5>)PdSVd)4TV)$D=)<E=G>85)58=)<D?H4O)>?7=>D=8)H;>D) >D=)8=<E=G>;F=)5Y<?8E>;?4<O) ;4) >D=)T;::9=)54:)Y?>>?T)E54=9<)?I)-;768=)eVPV)*>86G>68=:)=T;<<;?4)D5<)Y==4):=>=G>=:);4)=5GD)G5<=O)>D?67D)5)Y8?5:)5Y<?8E>;?4)Y54:)D5<)Y==4)=XG;>=:)pT;::9=)>85G=qV)$D=)E?<;>;?4)?I)>D=)Y54:<)54:)>D=;8)8=95>;F=);4>=4<;>;=<);4)>D=)I96?8=<G=4G=) <E=G>85) 58=) ;:=4>;G59) H;>D) >D=) ?4=<) 8=G?8:=:) 6E?4) =XG;>5>;?4) ?I) >D=) I;8<>)
) RQb)
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"74G6e!!!A!"1'! ! ! ! !
"1$!! 0.[=! V.V0V! ! 0.@>! V.V/3! 0.73!
"1$!! /.=V! V.0>! ! /.7[! V./0! /."/!
"1&!! 7.3>! V.VVV3! ! >.V[! V.VVV@! !
      !
!74G6e!!!A!!"1$! ! ! ! !
"1! 0.3[! V.V37! ! 0.3/! V.""! 0./0!
"1$!! 7./=! V.V3>! ! 7.70! V."3! /.[>!
"1! 7.>/! V.V"0! ! 7.=/! V.V""! !
! ! ! ! ! ! !
(7J8'6e!!,A!"1$! ! ! ! !
"1$!! 0.[0! V.V"3! ! 0.@>! V.V0>! !
"1$!! /.[/! V.>>! ! /.=[! V.==! /.0[!
"1z! 7.=3! V! ! >.V[! V! !
"1$!! >.V/! V.V0[! ! >."3! V.V//! !
! ! ! ! ! ! !
*74HI6e!!,A!"1$! ! ! ! !
"1$! /.=@! V.V""! ! /.@"! V."@! !
"1$! /.@7! V."@! ! 7.V=! V.V7"! !
"1$! >.V7! V.V/>! ! >.0/! V.V>7! !
! ! ! ! ! ! !
! ! ! ! ! ! !
"74Ge!!,A!01&! ! ! ! !
01$! 0.[0! V.VV"7! ! /.7>! V.VV""! 0./>!
01$! /."=! V.VV"/! ! 7.V>! V.VV"V! /./=!
01$! /.=>! V.V0"! ! 7.>3! V.0[! /.3>!
01$! /.[7! V.0V! ! 7.=>! V.VVV>! /.[3!
01$! 7.V0! V.V3=! ! 7.3"! V.V0[! !
! ! ! ! ! ! !
!74Ge!!,A!01&! ! ! ! !
01$! 0.70! V.VVV"! ! /.0@! V.VVV[! !
01$! /."3! V.V>7! ! /.@/! V.VVV@! 0.7V!
01$! /.//! V.VV0>! ! 7."0! V.V["! !
01$! /.>=! V.VVV"! ! ! ! !
01$! 7.0@! V.V0>! ! ! ! !
      !
(7J8'e!!,A!01&! ! ! ! !
01$! 0.[@! V.V">! ! /.7=! V.V0=! 0.3>!
01$! /.0"! V.VV"[! ! 7."V! V.VV0>! !
01$! /.>@! V.V"=! ! 7.>@! V.V[7! 7./=!
01$! 7.VV! V.V/@! ! 7.=/! V.V3V! !
01$! 7.0[! V.7V! ! ! ! !
  ! ! ! ! !
*74HIe!!,A!01&! ! ! ! ! !
01$! 0.3@! V.VV[[! ! ! ! !
01$! /.V=! V.VVV7! ! ! ! !
01$! /.==! V.V7"! ! ! ! !
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a b s t r a c t
Anions of titanium dioxide produced by sputtering TiO2/graphite composite rods were trapped in 6 K
neon matrices following mass selection. The electronic absorption spectrum of titanium dioxide has been
measured subsequently, after exposing the matrices to UV radiation, revealing absorptions in the visible
and UV regions. Bent and linear forms of TiO2 have been observed with absorptions in the visible range.
Two electronic systems of the bent isomer, 1B2 X1A1 and 1B1 X1A1, are observed with origins at
524 and 368 nm in agreement with theoretical calculations. The electronic transition lying at 524 nm
shows a long vibronic progression due to excitations of the symmetric stretching and bending modes
of TiO2. The linear form shows a transition at 628 nm for which a progression involving the symmetric
stretching mode of TiO2 is apparent. The spectral assignments have been supported by analysis of the
vibrational structure associated with each electronic transition.
! 2008 Elsevier B.V. All rights reserved.
1. Introduction
Transition metals continue to be of special interest, partly due
to the complexities associated with d shell electrons. The 3d-ele-
ments form a number of oxygen-containing clusters and com-
pounds with variable oxidation states of the metal cation.
Reactivity of these oxides is of interest to different chemistry areas:
organometallic, surface science, catalysis, chemisorption processes,
and interstellar matter. For these reasons, a large number of theo-
retical and experimental spectroscopic studies have been devoted
to the monoxides and dioxides of the elements ranging from Sc
to Zn, leading to reliable reference data about bond lengths, disso-
ciation energies, dipole moments, and vibrational frequencies for
both the ground and excited states of these oxides [1–4].
Titanium oxide (TiO), has been extensively studied spectroscop-
ically due to its astrophysical interest [5–9]. Indeed, TiO is the main
opacity source in the atmospheres of cool M-type stars in the vis-
ible and near infrared. In addition, owing to its importance in mod-
el atmosphere investigations and in quantum chemistry, a number
of theoretical studies have been devoted to this species [10–13]. Its
electronic structure is therefore well understood. In view of the
high cosmic abundance of Ti and O [14], larger clusters of titanium
oxides are believed to play an important role in dust formation
processes from the gas-phase in circumstellar shells of oxygen-rich
stars [15].
Titanium dioxide, is a technologically important material which
has been widely studied as a prototypical transition metal oxide
due to its rather simple electronic structure [16]. Compared to
the TiO molecule, considerably less has been reported on TiO2
[13,17–20]. The earliest work on TiO2 was carried out in 1967
showing that this molecule has a dipole moment and therefore a
bent structure [18]. Few years later, the emission spectrum of
TiO2 was measured for the first time reporting the origin emission
band at 529 nm [19]. From these studies, the infrared spectrum of
TiO2 in neon matrices was also obtained. Two absorption bands
were observed: a strong one at 934.8 cm!1 and a weak one at
962.0 cm!1, respectively assigned to the asymmetric stretch (m3)
and symmetric stretch (m1). Similar works reported an infrared
study on TinOx species produced by reactions of laser-ablated Ti
and O2 in argon matrix at 10 K, confirming the C2v symmetry of
the 1A1 ground state of this closed shell molecule [20].
TiOn (n = 1–3) and TiO2(n) systems were also investigated by
photoelectron spectroscopy (PES) to obtain vertical detachment
energies [4]. For TiO2, it was reported that both anion and neutral
species have a bent structure. In addition, besides the vibrationally
resolved ground state of TiO2, two excited states were also ob-
served at 1.96(10) and 2.4(2) eV, and assigned to the A3B2 and
a1B2 excited states respectively [4]. Interestingly, they obtained
for TiO2 broad PES spectra indicating that large geometry changes
occur between the anion and the two B2 excited states of TiO2. It
was therefore suggested that these two states could be linear,
which was found to be in agreement with SCF-CI calculations
[17]. A large number of theoretical studies have been then devoted
to titanium dioxide [21–26]. From these works, geometries, vibra-
tional frequencies, electron affinities, and dissociation energies
were obtained. In addition, different isomers of TiO2, as the peroxo-
and superoxo-ones, have also been considered and investigated.
Recently, the electronic energy levels of TiO2 have been calculated
[27]. DFT adiabatic excitation energies as well as MRCI vertical
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excitation energies were obtained for both the singlet and the trip-
let states. From these results, it is suggested that TiO2 has a C2v
structure in the A1, B2, B1, and A2 excited states which have similar
geometries and excitation energies for both the singlet and the
triplet multiplicities, with the latter lying 0.03 to 0.05 eV below
the singlet ones. Similar results were obtained for the linear ex-
cited states which are predicted to be only 0.3 to 0.4 eV less stable
than their bent counterparts.
All the results cited above make it a challenge to understand the
electronic spectrum of titanium dioxide. The present article is a
contribution to this understanding. The electronic absorption spec-
trum of TiO2, using mass-selective neon matrix isolation spectros-
copy, is presented for the first time. The spectral assignments will
be discussed by comparison with experimental and calculated data
previously reported.
2. Experimental
The electronic absorption spectra of titanium dioxide were re-
corded following mass-selective deposition in neon matrices using
the described experimental set-up [28]. The anions were produced
in a negative cesium ion sputter source from TiO2/graphite com-
posite rods in a ratio 2:1. The beam is then focused and directed
into a quadrupole mass filter using a series of electrostatic optics.
The TiO!2 anions were selected (m/e = 80) with a mass resolution
of ±1 amu and the typical ion currents achieved were about 2–
3 nA. The mass-selected anions, with a kinetic energy of "50 eV,
were codeposited over a period of 4 h with an excess of neon onto
a rhodium coated sapphire substrate held at 6 K.
After deposition, the electronic absorption spectra of the species
embedded in neon were recorded with monochromatic light from
halogen and xenon arc lamps with beams running parallel to the
substrate surface. Absorption spectra were recorded between 220
and 1100 nm using photomultiplier and silicon diode detectors.
The effective optical path of the light through the matrix using a
waveguide technique is about 2 cm. Infrared spectra in the 4000–
600 cm!1 range were recorded by doubly reflecting light at an
acute angle from a Fourier-transform infrared spectrometer
through the matrix, of about 150 lm thickness, achieving a path
length of about 1 mm. This method used to measure infrared spec-
tra is an order of magnitude less sensitive than the waveguide
approach.
The matrix samples were then exposed to a medium-pressure
mercury lamp (k > 305 nm) resulting in electron detachment. After
each irradiation, a spectrum was recorded to distinguish the elec-
tronic transitions of neutral species from those of the ions.
3. Results
The trapping of the mass-selected TiO2 anions in a neon matrix
gave rise to a number of absorptions in the 220–1100 nm region.
Fig. 1 shows the electronic absorption spectra measured in the vis-
ible range (400–650 nm). The lower trace corresponds to the depo-
sition spectrum and the upper to the one recorded after irradiation
and annealing of the matrix. According to the data in the literature,
some of the absorption bands are easily assigned to titanium
[29,30], titanium monoxide and its anion [19,31], as indicated in
Fig. 1. TiO! is due to fragmentation of the mass-selected TiO!2 spe-
cies hitting the matrix with a "50 eV kinetic energy. Besides these
bands, several broad weak absorption bands, close to those of TiO,
are observed in the visible range (Fig. 1). The vicinity of these
bands to those of TiO complicates the identification. Nevertheless,
the results of the photobleaching and annealing point out to neu-
tral TiO2 being responsible for these new electronic absorption
bands. Warming the matrix sharpens the absorption bands of TiO
and enhances the electronic and infrared absorption bands as-
signed to the TiO2 neutral species. The presence of an absorption
band at 935.6 cm!1 in the infrared spectrum is due to the asym-
metric stretching mode (m3) of TiO2 [19,20]. This is present after
deposition and grows in intensity upon irradiation and annealing,
as seen in Fig. 2, confirming the assignment. The fringe patterns
in the infrared spectrum are due to interference of the light.
In order to avoid misassignment of the absorption bands, which
could be due to the species C4O2 with the same mass as TiO2 (m/
e = 80), experiments were also performed using TiO2/silver com-
posite rods which led to the same results.
Irradiation and annealing of the neon matrix reveal two band
systems in the visible range. The first one shows a progression
commencing at 628 nmwith a maximum near 540 nm and a vibra-
tional spacing of about 840 cm!1 (Fig. 1). No absorption band was
observed at higher wavelengths suggesting that the origin band of
this system is at 628 nm. The overlap and the presence of absorp-
tions of titanium (at 530 nm) and titanium oxide in the range 520–
550 nm, as observed in Fig. 1, make it difficult to locate the origin
Fig. 1. Electronic absorption spectra recorded in a 6 K neon matrix: (a) after mass-
selected deposition of TiO!2 produced from TiO2/graphite composite rods in a
cesium sputter ion source and (b) after subsequent UV irradiation and annealing of
the matrix. Asterisks indicate the vibronic bands of the bent to bent electronic
transition 1B2 X1A1 of TiO2, squares are for the vibronic bands of TiO2 linear, and
circles for the absorption bands of TiO.
Fig. 2. Infrared spectrum recorded in a 6 K neon matrix: (a) after mass-selected
deposition of TiO!2 produced from TiO2/graphite composite rods in a cesium sputter
ion source, (b) after UV irradiation (k > 305 nm), and (c) after annealing of the
matrix. The periodic structure in the baseline is an artefact (interference).





and vibrational members of the second band system. However,
based on the intensity distribution, the onset of this absorption
might be at 524 nm. This system is characterized by a long vibronic
progression showing an irregular pattern between 460 and 520 nm
indicating that two fundamental modes are active in the excited
state leading to overtones and combination bands. Vibrational
spacings of about 850 cm!1 and 180 cm!1 are inferred. The assign-
ment was complicated owing to the broadness and the vicinity of
the absorptions of TiO2 to those of TiO. The band position maxima
and a vibrational analysis of the two electronic band systems are
given in Table 1. In addition, a weak electronic absorption band
was observed in the UV range at 368 nm. However, the presence
of several absorption bands of titanium oxide in this region ob-
scured observations of a vibrational progression. The overlap of
the electronic absorption transitions of TiO and TiO2 makes it also
difficult to assign the TiO!2 bands. Nevertheless, by looking at the
spectra in detail, an absorption band of the anion was found
around 540 nm (Fig. 1).
4. Assignment and discussion
The electronic system at shorter wavelengths has an origin
band at 524 nm (2.37 eV) as seen in Fig. 1. This system corresponds
to that one observed by emission at 529 nm (2.34 eV) [19] and
photoelectron spectroscopy at 516 nm (2.40 eV) [4]. The long pro-
gression observed for this system indicates that the equilibrium
Ti–O bond length and/or OTiO angle in the excited state differ from
those in the ground state. As reported in Table 1, vibrational spac-
ings of about 180 cm!1 are observed in this progression. These
intervals are too small for any of the stretching modes of TiO2
and could only be assigned to excitations of its bending mode m2.
The decrease of the bending frequency shows that the OTiO angle
is smaller in the excited state. The larger vibronic spacings of about
850 cm!1 observed for this electronic system are assigned to exci-
tations of the symmetrical stretching mode m1. The vibrational fre-
quency being lower in the excited state than in the ground state is
indicative that the bond length has increased.
Theoretical calculations carried out show that two of the bent
excited states, 1B2 and 3B2, have a vertical excitation energy of
2.43 and 2.40 eV respectively at the MRCI level of theory, and
2.33 and 2.35 eV with DFT [27]. These values are close to our exper-
imental result (2.37 eV). The transition to 1B2 is in addition pre-
dicted to have a quite high oscillator strength. Furthermore, the
reported DFT calculations provide information on the structures
of the excited states and indicate an elongation of the bond length
as well as a decrease of the angle for the B2 excited states [27], in
agreement with the observations. In addition, the m1 and m2 excita-
tions observed in neon matrix (about 825 and 194 cm!1, Table 1)
are in good agreement with the harmonic vibrational frequencies
calculated for the optimized B2 states (about 880 and 195 cm!1).
In view of these comparisons, the electronic system is assigned to
the dipole-allowed bent to bent electronic transition 1B2 X1A1.
Consequently, the weak absorption band observed in the UV range
at 368 nm (27,174 cm!1, 3.37 eV) is assigned to the 1B1 X1A1
electronic transition in agreement with the vertical excitation ener-
gies of 3.57 and 3.66 eV calculated at the MRCI and DFT level of the-
ory [27].
The electronic band system seen at longer wavelengths shows a
vibronic progression with spacings of about 840 cm!1. The origin
band observed at 628 nm (1.97 eV) is consistent with the system
at 632 nm (1.96 eV) observed by photoelectron spectroscopy [4].
However, none of the bent excited states of TiO2 given in [27] have
a vertical excitation energy lower than 2.40 eV. It is thus suggested
that this electronic system is due to an other isomer of titanium
dioxide.
Different isomers of titanium dioxide, as the linear OTiO, the
peroxo (cyclic structure), and the superoxo (TiOO) ones, were
investigated theoretically [21,23–27]. From these studies, the ener-
getic ordering of these isomers is as follows: linear < per-
oxo < superoxo, with the bent one being the most stable. The
linear isomer is found to lie 2 eV above the ground state of the bent
one while the other two are much higher in energy at about 4.46
and 5.5 eV, respectively. The possibility to form the peroxo and
superoxo isomers, being very high in energy, can be ruled out.
Therefore, the only plausible isomer which could lead to the results
obtained in neon matrix is the linear OTiO species. Photoelectron
and solid matrices infrared studies of metal dioxides have shown
that these species tend to have different structures [32–34] as the
FeO2 species which has been trapped in a low temperature argon
matrix in three different structures, with two of the isomers being
2.12 and 2.55 eV higher in energy than the most stable one [34].
Consequently, we suggest that the electronic band system with
an origin at 628 nm is due to the linear isomer of titanium dioxide,
with a 1Rþg ground state. In addition, the vibrational interval ob-
served in neon matrix for this electronic system (about 835 cm!1)
is consistent with the harmonic frequencies calculated for the m1
and m2 modes of the linear form (884 cm!1 and 854 cm!1 respec-
tively) [27]. Because it is predicted that the m2 mode has no oscilla-
tor strength, the observed vibronic progression is due to excitations
in the symmetric stretching m1 mode. No infrared absorption band
of the linear isomer could be observed. Finally, it is worthwhile to
note the persistence of the linear isomer after annealing of the ma-
trix up to 8.5 K due to stabilization effects of the solid environment.
Analogous observations were made for the high energy isomers of
iron dioxide [34].
5. Conclusion
The electronic absorption spectrum of TiO2 in 6 K neon matrices
is reported for the first time. The transitions observed reveal that
titanium dioxide exists in both bent and linear forms in the matrix
environment with absorptions in the visible and UV regions. Two
electronic band systems with origins at 524 and 368 nm were ob-
served and assigned to the bent 1B2 and 1B1 excited states of TiO2
whereas a transition with origin at 628 nm was found to be due
to a linear isomer. As no higher excited states of the linear form
have been calculated, assignment of the electronic transition has
not been made. This opens the way for future theoretical calcula-
tions on the linear form of TiO2.
Table 1
Observed bands (~m # 5 cm!1) in the electronic absorption spectra of the TiO2 species
along with suggested assignments
Species k (nm) ~m ðcm!1Þ d (cm!1) Assignment
TiO2 linear 628 15,924 0 000
597 16,750 826 m1
568 17,606 1682 2m1
542 18,484 2560 3m1
509 19,646 3722 4m1 + m3
TiO2 bent 524 19,084 0 000
1B2 X1A1
502 19,920 836 m1
497 20,121 1037 m1 + m2
485 20,619 1535 m1 + m2 + m3
481 20,790 1706 2m1
465 21,505 2421 3m1
461 21,692 2608 3m1 + m2
448 22,321 3237 4m1
433 23,095 4011 5m1
419 23,866 4782 6m1
405 24,691 5607 7m1
368 27,174 000
1B1 X1A1
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The results presented here provide data to complement existing
spectroscopic and theoretical studies on titanium dioxide and will
serve as a basis for gas-phase spectroscopic measurements which
would be useful in the detection of this astrophysically important
species. As titanium is one of the most abundant transition metals
in space, its dioxide is thought to be the most promising candidate
for the primary condensate in oxygen-rich circumstellar shells
[35].
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